Selenoproteins are essential in vertebrates because of their crucial role in cellular redox homeostasis, but some invertebrates that lack selenoproteins have recently been identified. Genetic disruption of selenoprotein biosynthesis had no effect on lifespan and oxidative stress resistance of Drosophila melanogaster. In the current study, fruit flies with knock-out of the selenocysteine-specific elongation factor were metabolically labeled with 75 Se; they did not incorporate selenium into proteins and had the same lifespan on a chemically defined diet with or without selenium supplementation. These flies were, however, more susceptible to starvation than controls, and this effect could be ascribed to the function of selenoprotein K. We further expressed mouse methionine sulfoxide reductase B1 (MsrB1), a selenoenzyme that catalyzes the reduction of oxidized methionine residues and has protein repair function, in the whole body or the nervous system of fruit flies. This exogenous selenoprotein could only be expressed when the Drosophila selenocysteine insertion sequence element was used, whereas the corresponding mouse element did not support selenoprotein synthesis. Ectopic expression of MsrB1 in the nervous system led to an increase in the resistance against oxidative stress and starvation, but did not affect lifespan and reproduction, whereas ubiquitous MsrB1 expression had no effect. Dietary selenium did not influence lifespan of MsrB1-expressing flies. Thus, in contrast to vertebrates, fruit flies preserve only three selenoproteins, which are not essential and play a role only under certain stress conditions, thereby limiting the use of the micronutrient selenium by these organisms.
Selenium is an important dietary micronutrient in mammals.
The major biological form of selenium is the non-canonical amino acid, selenocysteine (Sec). 2 The majority of selenoproteins with known type of catalytic activity act as oxidoreductases that use Sec directly for catalysis and maintenance of cellular redox homeostasis. The number of selenoproteins in eukaryotic organisms varies significantly. Higher plants and fungi lack selenoprotein genes, whereas there are many such genes in algae and vertebrates, e.g. 10 -57 in algae, 30 -37 in fish, and 23-25 in mammals (1) . At least five mammalian selenoproteins are essential (2) (3) (4) . Remarkably, insects possess cysteinecontaining homologs or lack all essential mammalian selenoproteins, e.g. thioredoxin reductases and glutathione peroxidases. Moreover, recent studies identified five species of selenoproteinless insects, including the red flour beetle Tribolium castaneum (5) , the silkworm Bombyx mori (5) , the fly Drosophila willistoni (6) , the honey bee Apis mellifera (6) , and the wasp Nasonia vitripennis (6) . This evolutionary reduction in the use of selenoproteins could be associated with considerable changes in antioxidant defense systems of insects (7) (8) (9) .
The Sec incorporation machinery is conserved across eukaryotes. Sec is encoded by the UGA codon that usually serves as a termination signal. Decoding of UGA during translation as a codon for Sec insertion requires 1) a unique tRNA with an anticodon to UGA, tRNA [Ser] Sec ; 2) a specific stem-loop structure in the 3Ј-UTR of eukaryotic selenoproteins mRNAs designated selenocysteine insertion sequence (SECIS) element; and 3) Sec-decoding protein factors and enzymes that are required for Sec synthesis on tRNA [Ser] Sec and its insertion into proteins (for review, see Refs. 10 -14 and references therein).
The fruit fly Drosophila melanogaster has 3 selenoproteins: selenophosphate synthetase 2 (dSPS2), selenoprotein H (dSelH, also known as BthD), and selenoprotein K (dSelK, also known as G-rich) (15) (16) (17) (18) . The SPS2 function (synthesis of monoselenophosphate from selenide) is essential for Sec biosynthesis and expression of selenoproteins (19, 20) . Thus, the two other Drosophila selenoproteins must be responsible for the biological effects of selenium in fruit flies. Mammalian SelH is a nuclear protein that has a thioredoxin-like fold and possesses glutathione peroxidase activity in vitro (21) . This protein upregulates transcription of genes involved in glutathione synthesis and phase II detoxification (22) . In Drosophila, knockdown of the dSelH gene using RNAi technology significantly reduced embryonic viability and caused a decrease in total antioxidant status in Drosophila Schneider 2 (S2) cells (23) . However, mutant fruit flies with knock-out of the Sec-specific translational elongation factor dEFsec (24) , which failed to decode the UGA codon as a codon for Sec insertion, were viable, fertile, and had the same mean lifespan and oxidative stress resistance as controls (24) . It is possible that the phenotypes observed with RNAi against dSelH resulted from off-target effects of siRNA. Drosophila dSelK is a Golgi-resident membrane protein (25) . However, two recent studies indicate that mammalian SelK is an ER-resident transmembrane protein (26, 27) that plays an important role in protecting cells from ER stress-induced apoptosis (26) and in immune response (27) . To summarize, the specific biological functions of SelH and SelK are not known in Drosophila or in mammals. In this regard, fruit flies offer a useful system to study the functions of these selenoproteins.
Many mammalian selenoproteins are involved in regulation of cell redox homeostasis and could, directly or indirectly, be involved in regulation of longevity. However, there are no published data on the link between overexpression of redox selenoproteins and aging in animals. The fruit fly is a very convenient model organism for such study. Here, we chose a mouse selenoprotein, methionine sulfoxide reductase B1 (MsrB1, also known as SelR or SelX), to characterize a possible connection between overexpression of a selenoenzyme, oxidative stress resistance, and longevity.
MsrB1 is a member of an Msr class of proteins that are responsible for the reduction of methionine sulfoxides to methionine in proteins (for review, see Refs. 28 -30 and references therein). Proposed functions of Msrs include protection of cells from oxidative stress through reversible reduction of methionine sulfoxide and repair of oxidatively damaged proteins to preserve their functions (31, 32) . Msrs that act on oxidized proteins are classified with respect to their substrate specificity into two types: MsrA that is specific for the reduction of methionine-S-sulfoxide, and MsrB that catalyzes the reduction of methionine-R-sulfoxide. Mammals have one MsrA and three MsrB isozymes, which are targeted to different cellular compartments. MsrB1 is located in the nucleus and cytosol. This protein is remarkable in that it contains an active site Sec in place of cysteine, a common catalytic group for all Msrs (28 -30).
Numerous studies provided evidence for an important role of Msrs in aging. It is generally agreed that knock-out of the msrA gene results in accumulation of oxidized and modified proteins (33) , increased sensitivity to oxidative stress (34 -36) , and either a shortened (34, 35, 37) or an unaffected lifespan (36) . In contrast, MsrA overexpression led to protection against oxidative stress and increased longevity in yeast and fruit flies (38 -40) . The effect of MsrB knock-out/overexpression on aging in yeast and flies is less pronounced (37, 41) . For example, expression of host MsrA or GFP-fused bovine MsrA in the nervous system increased the median lifespan of Drosophila by ϳ20 (39) or 70% (40) , respectively. However, overexpression of host MsrB or mouse MsrB2 in the nervous system had no substantial effect on Drosophila lifespan (41) .
The different roles of MsrA and MsrB in lifespan regulation could reflect the different biological functions and/or regulatory pathways involving these enzymes. MsrA has broader substrate specificity than MsrB and effectively reduces the free form of methionine-S-sulfoxide to methionine. Thus, MsrA overexpression could change the metabolism of methionine that is important for sulfur and DNA methylation pathways involved in aging (42, 43) . In addition, a forkhead transcription factor, FOXO3a, directly activates the human MSRA gene (34) and its homologs (DAF16 in Caenorhabditis elegans and dFOXO in fruit fly) activate worm msrA (34) and Drosophila msrA genes (39) . FOXO3a transcription factor is known to upregulate the expression of genes involved in oxidative stress response and longevity and down-regulate life-shortening genes. FOXO3a target genes include genes involved in cell cycle, stress response, metabolism, and apoptosis. dFOXO overexpression in the adult fatbody of female fruit flies results in increased lifespan (44) . Overexpression of Drosophila MsrA caused dFOXO translocation to the nucleus (39) , implying that the prolonged lifespan of MsrA-expressing flies may be due not only to the MsrA role in oxidative stress resistance, but also its role in up-regulation of dFOXO. No transcriptional activation of MSRB genes by FOXO3a or its homologs in different organisms was reported thus far.
The fact that the components of Sec biosynthesis and incorporation machineries, as well as selenoproteins themselves, are found in 11 Drosophila species (except for D. willistoni) (6) reflects importance of these proteins for fruit flies; on the other hand, the absence of the evident phenotype of dEFsec knockout flies and the occurrence of selenoproteinless animals pose an important question. Why are selenoproteins preserved in Drosophila during evolution if these proteins are not important for cellular redox regulation and longevity? In our study, we used dEFsec knock-out flies (24) to address this question. We also used these flies to study the role of selenium as a micronutrient (i.e. not in the form of selenoproteins) in aging. In addition, we used Drosophila as a model organism to clarify the role of mouse MsrB1 in aging. We addressed the following questions. Is it possible to promote resistance to oxidative stress and/or extend lifespan by expressing an additional selenoenzyme with protein repair function? Is it possible to regulate lifespan of these animals by dietary selenium?
EXPERIMENTAL PROCEDURES
Constructs-The ORF of mouse MsrB1 gene was PCR amplified from the pCI-SelR-His construct (45) with 5Ј-GACTGAA-TTCATGTCGTTCTGCAGCTTCTTCGGAG-3Ј and 5Ј-GTA-TGCGGCCGCCTAGTGCCCCTGGGAGGCAGCAGCTTC-TTTGC-3Ј primers and cloned into the EcoRI/NotI restriction sites of the pUAST vector (46) to yield the pUAST-mMsrB1 construct. The 3Ј-UTR of Drosophilia selK containing the SECIS element (236 bp after the stop codon) was amplified from total RNA of white mutant (w 1118 ) flies with 5Ј-GTA-TGCGGCCGCTAGCGACATCCGGTTCCCAAGACTCT-TGG-3Ј and 5Ј-CTACTCTAGAGGAGCTAATAGTTGATA-AATGGAACCGACG-3Ј primers using the SuperScript TM II RT kit (Invitrogen) and cloned into NotI/XbaI restriction sites of pUAST-mMsrB1 to yield the pUAST-mMsrB1-SECIS construct. This construct was used for generation of UAS-mMsrB1 transgenic lines.
Transgenic Drosophila Lines-Transgenic flies were obtained using standard techniques for germline transformation and balancing as described (41) . Five independent homozygous UAS-mMsrB1 responder lines were obtained and three of them were used in the study. These lines were designated as mMsrB1 2A , mMsrB1
3A
, and mMsrB1
3B
. ] (stock number 458), were obtained from the Bloomington Drosophila Stock Center at Indiana University. All transgenic lines, including the driver lines, were backcrossed six times to the same isoline of yellow body white eyes flies yw (kindly provided by Dr. R. S. Sohal, University of Southern California) to ensure that the genetic backgrounds were equivalent. dEFsec knock-out flies (KO#24 and KO#46) with impaired selenoproteins synthesis were previously described (24) . Briefly, these flies were generated by P-element transformation of mutant dEFsec gene and homologous recombination.
Genetic Crosses and Drosophila Husbandry-The GAL4-UAS binary system (46) was used to drive expression of mMsrB1 in fruit flies. To obtain experimental flies, homozygous mMsrB1 2A , mMsrB1 3A , or mMsrB1 3B males were crossed with virgin females of GAL4-driver. Progeny of crosses between the GAL4-activator line and yw flies (GAL4-activator/yw) or between yw flies and UAS-mMsrB1 lines (yw/UAS-mMsrB1) were used as controls. mMsrB1-expressing or dEFsec KO experimental flies and their controls were obtained and maintained on corn meal food as previously described (41) .
Fly Culture Media-Three types of food were used in the lifespan experiments. The first type was corn meal food that is commonly used in our laboratory (41) . The second type was a chemically defined medium developed by Martin-Romero et al. (17) . This diet contained Grace's insect medium (G-8142, Sigma), 0.01% p-hydroxybenzoic acid methyl ester (Sigma), 2% low melting point agarose (Sigma) and was supplemented with or without sodium selenite (Sigma) at a final concentration of 100 nM. This food was used to examine the role of selenium in aging of dEFsec KO flies. The third diet was another chemically defined medium based on a fruit fly basal mixture developed by Troen et al. (47) . This diet contained 62.08 g of Diet TD.04310 (Harlan Teklad), 100 mg of lecitin from soybean (Sigma), 500 mg of ribonucleic acid from Torula yeast (Sigma), 100 g of dextrose, 1.35 g of methionine (Sigma), 20 g of low melting point agarose, 2.85 ml of propionic acid, and 0.255 ml of phosphoric acid (Sigma) per liter of water (47) . This food was used to study the effect of selenium during aging of flies expressing Seccontaining mMsrB1. Sodium selenite was added (or was not added) to the food at a final concentration of 10 or 200 nM. The concentration of selenium in the food was measured by the analytical service provided by Oscar E. Olson Biochemistry Laboratories, South Dakota State University. The concentration of selenium in the diets was 13.02 Ϯ 0.05 nM (unsupplemented diet), 19.59 Ϯ 0.03 nM (diet supplemented with 10 nM selenite), and 206.7 Ϯ 2.83 nM (diet supplemented with 200 nM selenite).
Metabolic Labeling of Flies with 75
Se-Thirty eight-day-old mated flies were maintained on a Sf-900 II SM serum-free insect medium (Invitrogen) supplemented with 3% dextrose (Sigma), 0.01% p-hydroxybenzoic acid methyl ester, 2% low melting point agarose, and 35 Ci of freshly neutralized [
75 Se]-selenious acid (specific activity 1,000 Ci/mmol, University of Missouri Research Reactor, Columbia, MO) at 25°C in a 12-h light/dark cycle for 72 h. Whole body homogenates of 35 flies were prepared in 350 l of PBS buffer containing protease inhibitors (Roche Applied Science). Protein extracts (100 g) were applied to a NuPAGE Novex 10% BisTris gel (Invitrogen), electrophoresed, and transferred onto a PVDF membrane (Invitrogen). The 75 Se radioactivity pattern on the membrane was visualized using a PhosphorImager system (GE Healthcare).
Lifespan Study-Lifespan studies were performed as described previously (41) . Briefly, adult animals were collected within 24 h post-eclosion. In a typical lifespan trial, three-dayold flies were placed in cages (see description in Ref. 41 ). Three replica cages were used for flies with the same genotype and gender; survivorship curves present the average of those independent replicas. In total, ϳ180 mated flies were used for each survivorship curve of dEFsec knock-out flies and 210 virgin flies were used for each survivorship curve of mMsrB1-expressing flies. Fresh food was supplied into cages, and dead flies were removed by aspiration and counted every 3 days. Experimental and control group trials were always performed concurrently.
Stress Resistance and Reproduction Tests-Oxidative resistance test was performed as previously described (41) . Flies were starved for 6 h and fed with 5% hydrogen peroxide (Sigma) or freshly prepared 30 mM paraquat (Sigma) in 5% sucrose (Sigma). Eight replicates of 20 mated males (160 flies for each genotype) were used for the hydrogen peroxide resistance test. Nine replicates of 20 animals (180 flies for each genotype) were used for the paraquat resistance test. Results are reported as the means of survived animals in 8 (or 9) replicates Ϯ S.E. for each time point. Starvation resistance tests were performed as previously described (41) . Ten groups of 10 animals for dEFsec KO flies (in total 100 flies) or 7 replicates of 20 animals for mMsrB1-expressing flies (in total 140 flies) were used for each genotype and gender. Data are reported as the means of survived animals in 10 replicates (or in 7 replicates) Ϯ S.E. for each time point. All trials were performed concurrently. Age-specific changes in pupa production were determined as previously described (41) .
Enzyme Activity Assay-Enzyme activity assays in fly homogenates were performed as previously described (41) . Measurements for each sample were performed in triplicate. All data are reported as the mean Ϯ S.E.
Statistical Analysis-Enzyme activities (overexpressor versus control) were compared by unpaired Student's t tests. All average results presented as mean Ϯ S.E. were calculated using Microsoft Excel software. The significance of the difference between the survivors was determined using SAS software version 9.1 (SAS Institute Inc., Cary, NC) as described (41) . Nonparametric estimates of the survivor functions by the KaplanMeier method were made using the procedure LIFETEST provided by SAS. Survivors were considered statistically different, if statistical parameters ( 2 and p value) of log-rank test were 2 Ͼ 20, p Ͻ 0.0001.
RESULTS
Fruit Flies Lacking Selenoproteins Are Susceptible to Starvation-Mice with impaired selenoprotein synthesis die during embryonic development (2) . However, fruit flies that lacked dEFsec were viable and fertile (24) . These dEFsec knock-out flies did not express dSPS2 and had the same mean lifespan and oxidative stress resistance as wild type flies (24) . To examine the presence of selenoproteins in dEFsec knock-out flies, 6-day-old male flies (KO#24 and KO#46) as well as wild type flies were metabolically labeled with [ 75 Se]sodium selenite and selenoproteins in whole body homogenates were detected using a PhosphorImager system (Fig. 1) . We observed the absence of any 75 Se signal in both knockout lines, whereas wild type flies showed two selenoprotein bands. Based on the predicted masses of three Drosophila selenoproteins, the lower band was assigned to dSelK, and the higher to dSPS2. dSelH could not be observed as it is specifically expressed during embryonic and larval development and in adult female flies (48) . Because the function of dSPS2 is to provide selenium for selenoprotein synthesis, male fruit flies can be used as a unique model for studying dSelK function. Interestingly, we also observed no nonspecific labeling of fruit fly proteins with 75 Se, suggesting that selenite does not enter the sulfur pathways for insertion into cellular proteins.
We examined aging of dEFsec KO flies on corn meal food (Fig. 2, A and B) . Disruption of selenoprotein synthesis was not critical for Drosophila lifespan, as no significant and reproducible changes in the mean lifespan of dEFsec KO flies were found (Fig. 2, A and B, and Table 1 ). Although the survivorship data for dEFsec KO female flies were different in comparison with control (Table 1, columns 6 and 7) , the mean lifespan varied inconsistently ( Table 1 , column 4). dEFsec KO male flies had small and inconsistent variations in the mean lifespan (6% increase for KO#24 ( 2 ϭ 10.4, p ϭ 0.0018) and 5% decrease for KO#46 ( 2 ϭ 4.8, p ϭ 0.0279) in comparison with male control). We also confirmed a previous finding (24) that dEFsec knock-out flies had the same resistance to oxidative stress induced by hydrogen peroxide as control flies (data not shown).
Flies with disrupted Sec biosynthesis also represent a convenient model to study the role of selenium (as opposed to the role of selenoproteins) as a micronutrient that may regulate aging or could be essential for survival. We examined the lifespan of dEFsec KO flies on a simple chemically defined diet (17) , which included Grace's insect medium, low melting point agarose, and p-hydroxybenzoic acid methyl ester, and was supplemented with or without 100 nM sodium selenite. We observed up to 44% reduction in the mean lifespan of flies maintained on this diet compared with that of flies on corn meal food (Fig. 2, C and D, and supplemental Table S1 , column 8). In addition, the chemically defined diet did not support the development of flies to adult animals. These findings suggest a nutrient deficiency of the chemically defined diet (17) . Survivorship of flies on the diet supplemented with or without 100 nM sodium selenite was identical according to statistical analyses (Fig. 2, C and D, and supplemental Table S1 , columns 3-7).
However, we found that dEFsec KO animals were more sensitive to starvation than control flies (Fig. 2, E and F) . The median lifespan of female flies of both KO lines was ϳ63 versus 84 h in the case of control animals (Fig. 2E) . The increased sensitivity of dEFsec KO flies to starvation was also observed for male flies (ϳ44 h for experimental and 62 h for control flies, Fig.  2F ). This effect was substantial and statistically significant.
Expression of a Mammalian Selenoenzyme in DrosophilaExpression of mouse MsrB1 as a selenoprotein requires the presence of a functional SECIS element in the 3Ј-UTR. Initially, the mouse gene coding for mMsrB1 (the ORF and the 3Ј-UTR containing the natural mouse MsrB1 SECIS element) was cloned into pUAST vector (46) . Six homozygous lines carrying UAS-mMsrB1 transgenes were generated as described (41) . Progeny obtained after crossing these flies with GAL4-activator lines were metabolically labeled with 75 Se and selenoprotein expression was analyzed using a PhosphorImager system. Unexpectedly, these flies did not express exogenous mMsrB1 (data not shown). Reverse transcription with primers specific for mouse MsrB1 on total RNA purified from UAS-mMsrB1-responder lines have shown that these flies expressed mMsrB1 mRNA. Based on these data, we hypothesized that expression of exogenous selenoproteins in flies might require a natural Drosophila SECIS element (e.g. SECIS element of dSPS2, dSelH, or dSelK). Indeed, a recent study by Takeuchi et al. (49) has shown that Drosophila SECIS-binding protein 2 exhibits high affinity toward type II SECIS elements. Mouse MsrB1 has a type I SECIS element (Fig. 3A) , but all Drosophila selenoprotein genes have type II SECIS elements (Fig. 3A , see Drosophila SelK SECIS element as an example). Type II SECIS element is characterized by an additional minihelix in the apical loop (50) .
Based on this information, we developed a chimeric construct coding for mouse MsrB1 ORF (348 bp) and the Drosophila selK 3Ј-UTR containing the SECIS element (236 bp) (Fig.  3B) . Three of five independent homozygous lines carrying the UAS-mMsrB1 transgene on the second (mMsrB1 2A ) or third (mMsrB1 3A and mMsrB1
3B
) chromosomes were used in subsequent experiments.
Experimental flies were obtained by crossing flies carrying the UAS-mMsrB1 transgene with the ubiquitous da-GAL4 or neuronal elav-GAL4 driver. The whole body da-GAL4 driver was selected for the study as Drosophila expresses endogenous MsrB ubiquitously. The nervous system driver elav-GAL4 was chosen as the driver with the same genotype used to express FIGURE 2. Survivorship curves of dEFsec knock-out flies and their controls. A and B, survivorship curves of dEFsec KO (KO#24 and KO#46) and wild type flies fed corn meal food. Mated female and male flies were kept separately during the lifespan study. Each survivor curve represents 180 animals. Genotypes and genders are shown on the plots. All trials were performed concurrently. C and D, survivorship curves of dEFsec KO and wild type flies on the chemically defined food supplemented with or without 100 nM sodium selenite. Mated female and male flies were kept separately during the lifespan study. Genotypes, genders, and selenium concentrations are displayed on the plots. All trials were performed concurrently. E and F, resistance to starvation was studied using 10 replicates of 10 animals (in total, 100 flies were used per genotype). 20-day-old mated female or male flies were kept separately during the test. Data are reported as the means of survived animals in 10 replicates Ϯ S.E. for each time point. Genotypes and sexes are shown on the plot. All trials were performed concurrently.
MsrA that led to lifespan extension of MsrA-expressing flies (40) . Two different types of control flies were used in this study: (i) the driver control flies, i.e. flies carrying the GAL4-transgene (GAL4-activator/yw), and (ii) the responder control flies, i.e. flies carrying the UAS-MsrB transgene (yw/UAS-mMsrB1).
Metabolic labeling of experimental flies showed expression of the mouse selenoprotein in Drosophila whole body (Fig. 4A,  lanes 1-6) and the nervous system (Fig. 4B, lanes 1-6) . Driver control flies (GAL4-activator/yw) were used as a control (Fig. 4,  A and B, lanes 7 and 8) . The three previously identified Drosophila selenoproteins, dSPS2, dSelH, and dSelK (16, 17) , were clearly discernible in lanes 1, 3, 5, and 7 in Fig. 4A , which corresponded to female flies. The band corresponding to dSelH (approximately 38 kDa) migrated slower than expected (calculated molecular mass of the protein is 28 kDa). The fourth selenoprotein band with the size corresponding to mouse MsrB1 (calculated molecular mass 12.6 kDa) could only be seen in the flies containing the UAS-mMsrB1 transgene (Fig. 4, A and B,  lanes 1-6) .
To verify that the expressed Sec-containing mMsrB1 is functional, the specific MsrB activity was measured in the homogenates of transgenic flies. Previously, ubiquitous expression of mouse MsrB2 led to an almost 40-fold increase in MsrB activity in comparison with background activity (due to expression of endogenous fruit fly MsrB) (41) . The specific activity of Seccontaining mMsrB1 is ϳ4.5-fold higher than the activity of Cys-containing mMsrB2 (51) . On the other hand, mMsrB1 expression in fruit flies could be limited by the low levels (or low efficiency) of the Sec insertion machinery. Homogenates prepared from experimental flies showed a 2-fold increase in total MsrB activity in comparison with the homogenates prepared from driver control flies (Fig. 5) . Overall, the data showed that expression of catalytically active Sec-containing mouse MsrB1 in Drosophila was achieved.
Ectopic or Ubiquitous Expression of mMsrB1 in Drosophila Does Not Affect Lifespan-No substantial and reproducible changes (increase or decrease) in the mean lifespan were observed for virgin females expressing mMsrB1 in the nervous system (Fig. 6 , A-C, and Table 2 , column 4) or in the whole body (Fig. 6, D-F, and (Table 2 , columns 6, 7, 9, and 10). However, the value of the mean lifespan for these flies was between the values of the mean lifespan for two controls. Responder controls had a similar mean lifespan (Ϸ68 days, (Table 2 , columns 9 and 10)). Similar data were obtained for virgin male flies (supplemental Fig. S1 and Table 2 ). Again, these mMsrB1-expressing flies had no substantial and reproducible variation in the mean lifespan in comparison with driver and responder controls ( Table 2 , columns 5 and 8) .
No Effect of Selenium Supplementation of a Chemically Defined Diet on the Mean Lifespan of Experimental Flies-To
further examine the role of dietary selenium, we used a recently developed chemically defined diet (47) , which supported normal development of flies and provided sufficient nutrients to sustain the lifespan similar to that of flies on the yeast-based food. Using diets with different levels of selenium, we tried to achieve two goals: (i) find , and yw lines that were crossed with the indicated GAL4 activator lines. Measurements were performed in triplicate. All data are reported as the mean Ϯ S.E. p Ͻ 0.05 was obtained for all combinations of overexpressor versus controls.
conditions of selenium deficiency for flies and observe a possible effect of selenium (as a micronutrient) on lifespan; and (ii) regulate expression of mMsrB1 by selenium in the food and examine the possibility of the life-prolonging effect of this antioxidant enzyme. The diet without selenium supplementation contained 13 nM selenium. The diets supplemented with 10 and 200 nM sodium selenite had 20 and 207 nM selenium, respectively. No effect of selenium supplementation on the mean lifespan of either female or male flies expressing mMsrB1 in the whole body was observed (supplemental Fig. S2 and Table S2 ). Also, no difference in the mean lifespan for flies of the same genotype and sex kept on the chemically defined diet or on corn meal food was found (supplemental Table  S2 , column 8).
Ectopic Expression of mMsrB1 in Neurons Increased Stress Resistance of Experimental Flies-Extended longevity is often accompanied by the enhanced ability to resist various forms of FIGURE 6 . Survivorship curves of mMsrB1-expressing virgin females on corn meal food. Expression of mMsrB1 in the nervous system was activated by elav-GAL4 activator line (A-C) and in the whole body by da-GAL4 activator line (D-F). Each survivorship curve represents ϳ210 virgin female flies. Genotypes and genders are shown on the plot. All trials were performed concurrently.
environmental stress, e.g. oxidative stress, starvation, heat or cold stress (40, 42, 52, 53) . However, there are also examples when such a correlation was not observed (52, 54 -56) . Although mMsrB1 expression had no influence on lifespan, we hypothesized that its antioxidant function could have a more clear effect on resistance against oxidative stress than on such a complex process as aging.
Sixteen-day-old experimental flies and their controls were starved for 6 h to minimize variations in oxidant intake and then fed 5% sucrose and 5% hydrogen peroxide (Fig. 7) or 30 mM paraquat (Fig. 8, A and B) . Ectopic expression of mMsrB1 in the nervous system significantly increased survivability of flies on hydrogen peroxide for two crosses elav-GAL4/mMsrB1 3A and elav-GAL4/mMsrB1 3B (Fig. 7, B and C) . A more pronounced life-prolonging effect was observed in the paraquat resistance test (Fig. 8, A and B) . Flies with genotype elav-GAL4/mMsrB1 2A that did not show enhanced resistance against hydrogen peroxide (Fig. 7A) lived longer on paraquat in comparison with any control (Fig. 8A) . Ubiquitous expression of mMsrB1 did not promote survival upon oxidative stress (Fig. 7, D and E) . Interestingly, we also observed increased resistance of flies with neuronal mMsrB1 expression against starvation (Fig. 8C) .
mMsrB1 Expressing Flies Had the Same Reproduction Vigor as Controls-Previously, we found that flies overexpressing either mouse MsrB2 or Drosophila MsrB had similar physical characteristics and showed no changes in the number of developed pupa in comparison with controls (41). In the current study, we observed that development of mMsrB1-expressing flies from eggs to hatching was the same as in the parental and heterozygous control flies that did not express mMsrB1 (9 -10 days, 25°C). Ectopic expression of mMsrB1 in the nervous system also did not change reproductive vigor (Fig. 8C) .
DISCUSSION
dEFsec knock-out flies have a normal lifespan and the same resistance to oxidative stress as the corresponding wild type flies (24) . In our study, we have first shown, by 75 Se metabolic labeling, that dEFsec KO flies do not express selenoproteins (Fig. 1) , whereas three known selenoproteins (dSelK, dSPS2, and dSelH) could be detected in female flies with intact selenoprotein biosynthesis and two of them (dSelK and dSPS2) in male flies (Figs. 1 and 4 ). These observations support the idea that some insects lost major redox selenoproteins because they no longer provided sufficient benefits, including function in the defense against oxidative stress.
dEFsec KO fly is a convenient model to study the role of selenium as a micronutrient in Drosophila. It is well known that selenoproteins represent the major biological form of selenium. We tested the possibility that another form of selenium may be used by fruit flies, because it is unclear how selenoproteinless animals deal with excess selenium that is present in the environment. Absence of this unknown form of selenium might affect lifespan, and if so, its importance could be revealed using a chemically defined diet supplemented or not with selenium.
Selenophosphate synthetase 1 (SPS1) is a promising candidate that could be responsible for the conversion of sodium selenite to an unknown biological form of selenium. The function of SPS1 is not clear. All selenoproteinless insects have lost SPS2, but all of them have SPS1 (6) . Although the two proteins share a common ancestor involved in selenoprotein synthesis, SPS1 cannot be involved in Sec biosynthesis or selenoprotein biosynthesis because (i) it is present in all selenoproteinless insects (5, 6); (ii) SPS1 knock-out leads to Drosophila lethality in the larval/pupal stages (57), whereas selenoproteinless fruit flies are viable; (iii) Drosophila SPS1 is not active in the synthesis of selenophosphate (58) ; and (iv) knockdown of SPS1 in mammalian cells had no effect on selenoprotein biosynthesis (20) . Thus, a possibility that SPS1 is responsible for some other 
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selenium-dependent pathway remains. Using a chemically defined diet supplemented or not with 100 nM sodium selenite, we tested dEFsec KO flies, but did not observe significant changes in the mean lifespan of dEFsec KO flies (Fig. 2, C and D, and supplemental Table S1 , columns 5-7). This result suggests that dEFsec KO flies and selenoproteinless insects probably do not utilize selenium. However, the possibility remains that the other biological forms of selenium and selenium-dependent pathways exist in selenoproteinless insects, but they are not essential. Or, alternatively, these pathways are essential, but selenium concentration in the unsupplemented diet is already sufficient to satisfy the needs for this element. Thus, further experiments are needed to shed light on possible new biological forms of selenium or pathways that selenoproteinless insects use to metabolize selenium.
In this work, we found that dEFsec KO male and female flies were more susceptible to starvation than wild type controls (Fig. 2, E and F) . dSelK appears to be the only selenoprotein responsible for the biological effects of selenium in male flies (because dSPS2 is involved in Sec biosynthesis), whereas both dSelK and dSelH function in female flies. As we observed decreased resistance to starvation for both genders, it appears that this effect is mediated by dSelK. The specific function of SelK is not known, and ours is the most significant phenotype of SelK knock-out observed in any organism thus far.
The present study is also the first to offer a strategy for expression of exogenous selenoproteins in Drosophila. We expressed mouse mMsrB1 in the whole body and the nervous system of fruit flies (Fig. 4) . Consistent with the observation that Drosophila SECIS-binding protein 2 exhibits higher affinity toward the type II SECIS element (46), we found that expression of mMsrB1 required the type II dSelK SECIS element. This information should be useful for further attempts in expressing exogenous selenoproteins in insect cell culture, for example, in Drosophila S2 cells or hundreds of Drosophila cell lines currently available. Preparation of recombinant selenoproteins is difficult in any system. With few exceptions, it is not possible to express eukaryotic selenoproteins in Escherichia coli because the bacterial SECIS element is different from that used in eukaryotes and it is located in the coding region of selenoprotein genes. The yeast system also cannot be used as the fungi lost the Sec insertion machinery and do not have selenoproteins. Selenoproteins can be expressed in mammalian cell culture, but this system has its own limitations and is costly.
MsrA and MsrB are enzymes that catalyze the same biochemical reaction, but their overexpression has different effects on the Drosophila lifespan (39 -41) . Consistent with our previous study (41) , no effect of mMsrB1 expression on lifespan was found (Fig. 6, supplemental Fig. S1 , and Table 2 ). Apparently, MsrA has a biological role distinct from that of MsrB. MsrA effectively reduces the free form of methionine-S-sulfoxide to methionine (MsrB has very low activity with free methionine-R-sulfoxide) that could alter sulfur and DNA methylation pathways involved in aging. Drosophila MsrA activates the dFOXO pathway (no data reported for MsrB) and could indirectly prolong longevity through up-regulation of dFOXO target genes. Thus, the protein repair function (common for MsrA and MsrB) is unlikely to account for the MsrA-induced lifespan extension and other MsrA functions should be considered.
Expression of mMsrB1 in the nervous system significantly increased resistance against oxidative stress induced by hydrogen peroxide and paraquat (Figs. 7, B and C, and 8, A and B) . Thus, we conclude that mMsrB1 expression elevated an antioxidant capacity of the cells, but it did not change the mean lifespan of flies. Previously, ectopic expression of catalase (56) or manganese superoxide dismutase (57) in mitochondria of fruit flies enhanced resistance to experimental oxidative stress, but the oxidative stress response was not involved in aging. The nervous system has a high production rate of reactive oxygen species and/or low expression level of antioxidant enzymes, which may cause accumulation of oxidatively damaged molecules (59) . Consequently, expression of antioxidant enzymes in the nervous system positively correlates with resistance against oxidative stress (40, 60) . Remarkably, flies expressing mMsrB1 in the whole body did not show an increased resistance against oxidative stress (Fig. 7, D-F) . We have demonstrated that flies with neuronal expression of mMsrB1 were more resistant to starvation (Fig. 8C) . It is possible that mMsrB1 can effectively repair proteins that are important for the regulatory effect of the nervous system on starvation pathways such as lipid biosynthesis or catabolism, whereby promoting survivability of starved flies.
We have attempted to specify the dietary bases of the lifespan of mMsrB1-expressing flies by subjecting animals to a chemically defined diet that supported nutritional needs of fruit flies (supplemental Table S1 , column 8) and allowed the selenium levels in the diet to be changed by sodium selenite supplementation. However, variations in selenium levels did not correlate with the mean lifespan (supplemental Fig. S2 and Table S2 , columns 5-7). Three explanations are possible: (i) the amount of selenium in the diet did not correlate with selenoprotein expression in flies; (ii) mMsrB1 expression was very low even at the highest selenium concentration used (207 nM); and (iii) bolstering antioxidant levels by mMsrB1 overexpression under elevated selenium levels did not delay the aging process in Drosophila. We were also interested in examining conditions of selenium deficiency and utilized a chemically defined diet without selenium supplementation. However, this diet already had 13 nM selenium that might have been sufficient for normal lifespan (supplemental Fig. S2 and Table S2 ).
To conclude, we found that selenoproteinless Drosophila are more sensitive to starvation than control flies and ascribed this function to SelK. However, lifespan was not altered by disruption of selenoprotein synthesis, expression of an exogenous selenoprotein, or availability of dietary selenium. Thus, selenoproteins appear to function in insects only under conditions of stress, explaining the observation that several species of insects lost all selenoproteins. This notion is also supported by the observation that Drosophila requires very little dietary selenium and has few selenoproteins that are expressed at a low level. The observed reduction of the Drosophila selenoprotein system could be used for further studies of endogenous selenoproteins (e.g. SelK function in male flies), the function of SPS1, and the role of selenium as a micronutrient. In addition, the Drosophila Sec incorporation machinery is useful for expression of exogenous mammalian selenoproteins. Overall, this study clarified several critical issues related to the use of selenium and selenoproteins in fruit flies. Table S1 . Statistical analysis of survivors for dEFsec KO flies on the chemically defined food supplemented with different selenium concentrations.
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